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(57) It is an object of the present invention to provide 
a proton-conducting membrane, excellent in resistance 
to heat, durability, dimensional stability and fuel barrier 
characteristics, and showing excellent proton conduc- 
tivity at high temperature. It is another object of the 
present invention to provide a method for producing the 
same. It is still another object of the present invention 
to provide a fuel ceil using the same. 

The present invention provides a proton-conducting 
membrane, comprising a carbon-containing compound 
and inorganic acid, characterized by a phase-separated 
structure containing a caribon-containing phase contain- 
ing at least 80% by volume of the carbon-containing 

Figure 1 



compound and Inorganic phase containing at least 80% 
by volume of the inorganic acid, the inorganic phase 
fomiing the continuous ion-conducting paths. The 
present invention also provides a method for producing 
the above proton-conducting membrane, comprising 
steps of preparing a mixture of a carbon-containing 
compound (D) having one or more hydrolyzable silyl 
groups and inorganic acid (C), fomiing the above mix- 
ture into a film, and hydrolyzing/condensing the hydro- 
lyzable sllyl group contained In the mixture formed into 
the film, to form a three-dimensionally crosslin}<ed sili- 
con-oxygen structure (A). The present invention also 
provides a fuel ceil which incorporates the above proton- 
conducting membrane. 
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diirlnr^^ '.^ ?uP^'''°"'*''y ^^"^ P«>ton-«>nduc«ng membrane, excellent in resistance to heat, durability 

dimensional stability and fuel barrier characteristics, and showing excellent proton conductivity at high tempeSure 

BACKGROUND OF THE INVENTION 

[0002] Recently, fuel cell has been attracting attention as a power generating device of the next generation which 

Fue S fa7i"nfoT.v'' 1 , 'T' ^^'"^"'^y ^"'^ compatibility wrth the environments. ' 
SpJ?nL [ T «=ategones by electrolyte type. Of these, a polymer electrolyte fuel cell (PEFC) 

thTfuZT '^"^'^'"^ ""^P"^' ^'^"'^ tyP^- ^"s'd^^^d to be a leading fuerce S 

- portal a^pliS^^^^^^ ■ """^'^ ""'^^"'^ - -'^''^X" 

[0004] Thus. PEFCs have Inherent advantages in principle, and extensively developed forcommeicialization PEFC, 
nomia y uses hydrogen as the fuel. Hydrogen is dissociated Into proton (hydrogen ^on/rnd eT^rriX Sresenc: 
hlSTo? "'T^'' '".^ """'^ °' P-^^<^ to\he olide to produce power and r3ed 

Si^uah wh h r °" °" P^^^*^ to ^l^- pS>ton-conducting membrane 

through which it nnoves towards the cathode side. On the cathode side, the proton, electron recycled back f^rthe 

I!;ro>Jgen ^ ^"^'^^ """'^ "^'^ ^^"^"^^ " P^°«^"'''"9 water from hydrogen 

to°.°^L? H ^'L"^ ^""""'^'^ *° ^ "''""^"y P~*'"*»'* "y adequate method, e.g., methanol refomnina 

wit^lXn'^l^r^^ yr^^^^ '^^^ extensive^ developed, it is dir" flylup^iS 

Tor Ced Ltir^ ^^""-'^ ''^^ P— -tor . 

Sto rhr.!,;rH''^"w membrane is responsible for transferring the proton produced on the 
anode to the cathode side. As described above, flow of the proton takes place in concert with that of the electron It is 

high current density). Therefore. It is not too much to say that periomiance of the proton-conducting membrane is a 
iZ ZlT"^'': °' "L" P^ton-conducting membrane also works as the insulation ZL'ch eSJcalV 

f<3. XK '^^"'"9 ^° °^^''°d^ ^''^^^ a^l^ition to transferring the proton 

SroIi^Y T"""*:""^ membranes for the current PEFCs are mainly of fluorine resin-based ones with a 
Side ch«in^? "^^l" f ^""^ P^^'y ^'"^ ""''""''^ ^'^'^ 9^°"P «t tomiinal of the perfluorovinyl elr 

Pu Pen USpT330?^^^^ dIw " " Tr.""""'' "^""^"^"^ "^^^^ P^'P"-^' «on R membrane 

(uu Hont, USP 4,330,654), Dow membrane (Dow Chemical, Japanese Patent Application Laid-doen No 4-3661 37^ 

"""hv* '^^JP-^^^"^ membrane Is considered to have a glass transition temperature (Tg) of around 1 30"C 
cause l^clTT-^":7""T creep phenomenon occurs as temperature incre'ases from 1 above level to 
ex^Mnc ther;ton c^^^^^^ proton-conducting structure in the membrane to prevent the membrane from stably 
exhibrting the proton-conducting perfomiance, and modification of the membrane to a swollen morphology or iellv-like 
morphology to make ,t ve^. fragile and possibly cause failure of the fuel cell. Moreover, the suIfolS group tends 
l^on J^TnH f °' morphology Is exposed to high temperature, to griL^ Iteriorate fts 

tended oen«d? P^'^T'"""".'^''' ^""^^^'^ temperature for stable opera«on fo 'eJ 

tended periods is normally considered to be 80°C 

^r!Lt/hSh'T"; ''^^^"T^ °" ^^a'^ti"" tor its working principle, has a higher energy efficiency as it 

LrSteffo Sr.r''''r? M ^ f^^' °P-at'n9 at higher temperature becomes more comScJ 

Tot:ST.[T:r-r: ^-p-^- --o- to utinze «s waste heaf tor ■ 

J+ ^ *• * ' ' ' " °*^'^«»"y «i II iciricmg us roiai energy efficiency. It Is therefore considerpd 

thatoperatingtemperatureofafuelcelllsdesirablyincreasedtoace,tainlevel.noli!nallyto1oVcoV^^^^^^^ 
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120°C or higher. 

[0010] The catalyst in service on the anode side may be deactivated by Impurities in the hydrogen fuel (e.g., carbon 
monoxide), a phenomenon known as catalyst poisoning, when it is not sufficientiy purified. This Is a serious problem 
which can detemiine sen/iceablirty of the PEFC itself. It Is Icnown that the catalyst poisoning can be avoided when the 
5 fuel cell operates at sufficiently high temperature, and the cell is preferably operated at high temperature also from this 
point of view. i\/Ioreover, the active metals for the catalyst itself will not be limited to pure noble metals, e.g., platinum, 
but can be extended to alloys of various metals, when the fuel cell can operate at sufficiently high temperature. There- 
fore, operability at high temperature is advantageous also viewed from reducing cost and widening applicable resourc- 
es. 

10 [0011] For the direct fuel type fuel cell, various approaches to extract the proton and electron from the fuel directly 
and efficiently have been studied. It is a consensus that production of sufficient power is difficult at low temperature, 
and possible when temperature is increased to, e.g., 150°C or higher. 

[0012] Thus, operability of PEFCs at high temperature is demanded from various aspects. Nevertheless, however, 
its operating temperature Is limited to 80°C at present by the heat resistance consideration of the proton-conducting 

15 membrane, as discussed above. 

[0013] The reaction taking place in a fuel cell is exothennlc In nature, by which is meant that temperature within the 
cell spontaneously Increases as the cell starts to work. However, the PEFC must be cooled not to be exposed to high 
temperature of 80'*C or higher, as limited by the resistance of the proton-conducting membrane to heat. It is nonnally 
cooled by water-cooling system, and the PEFC separator is devised to include such a system. This tends to increase 

20 size and weight of the PEFC as a whole, preventing it to fully exhibit its inherent characteristics of compactness and 
lightness. In particular, a water-cooling system as the simplest cooling means is difficult to effectively cool the cell, 
whose maximum allowable operating temperature is set at 80°C. If it is operable at 100°C or higher, it should be 
effectively cooled by use of heat of vaporization of water, and water could be recycled for cooling to drastically reduce 
its requirement, leading to reduced size and weight of the cell. When a PEFC is used as the energy source for a vehicle, 

25 the radiator size and cooling water volume could be greatly reduced when the cell is controlled at 1 00®C or higher than 
controlled at 80^'C. Therefore, the PEFC operable at 1 00°C or higher, i.e., the proton-conducting membrane having "a 
heat resistance of 100°C or higher, Is strongly in demand. 

[0014] As described above, the PEFC operable at higher temperature, i.e., increased heat resistance of the proton- 
conducting membrane. Is strongly in demand viewed from various aspects, e.g., power generation efficiency, cogen- 
30 eration efficiency, cost, resources and cooling efficiency. Nevertheless, however, the proton-conducting membrane 
having a sufficient proton conductivity and resistance to heat has not been developed so far. 

[0015] With these circumstances as the background, a variety of heat-resistant proton-conducting membrane ma- 
terials have been studied and proposed to Increase operating temperature of PEFCs. 

[0016] Some of more representative ones are heat-resistant aromatic-based polymers to replace the conventional 
35 fluorine-based membranes. These include polybenzimldazole (Japanese Patent Application Laid-Open No. 9-11 0982), 
polyethersulfone (Japanese Patent Application Laid-Open Nos.1 0-21 943 and 10-45913), and polyetheretherketone 
(Japanese Patent Application Laid-Open No.9-87510). 

[001 7] These aromatic-based polymers have an advantage of limited structural changes at high temperature. How- 
ever, many of them have the aromatic structure directly Incorporated with sulfonic acid or carboxylic acid group. They 
40 tend to suffer notable desulfonation or decarboxylation at high temperature, and unsuitable forthe membranes working 
at high temperature. 

[0018] Moreover, many of these aromatic-based polymers have no ion-channel structure, as is the case with fluorine 
resin-based membranes. As a result, the membranes of these polymers tend to be notably swollen as a whole In the 
presence of water, causing various problems, e.g., high possibility of separation of the membrane from the electrode 

45 joint and broken membrane due to the stress produced at the joint In the membrane-electrode assembly, resulting from 
the dry and wet conditional cycles which change the membrane size, and possibility of deteriorated strength of the 
water-swollen membrane, leading to its failure. In addition, each of the aromatic polymers is very rigid in a dry condition, 
possibly causing damages and other problems while the membrane-electrode assembly Is formed. 
[001 9] On the other hand, the following inorganic materials have been proposed as the proton-conducting materials. 

50 For example, Minaml et al. incorporate a variety of acids in hydrolyzabie silyl compounds to prepare inorganic proton- 
conducting materials (Solid State Ionics, 74 (1 994), pp.1 05). They stably show proton conductivity at high temperature, 
but involve several problems; e.g., they tend to be cracked when made Into a thin film, and difficult to handle and make 
them into a membrane-electrode assembly. 

[0020] Several methods have been proposed to overcome these problems. For example, the proton-conducting 
55 material is crushed to be mixed with an elastomer (Japanese Patent Application Laid-Open No.8-249923) or with a 
polymer containing sulfonic acid group (Japanese Patent Application Laid-Open No.1 0-6981 7). However, these meth- 
ods have their own problems. For example, the jsolymer as the binder for each of these methods is merely mixed with 
an Inorganic crosslinked compound, and has basic thennal properties not much different from those of the polymer 
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itself, with the result that it undergoes structural changes in a high temperature range, failing to stably exhibit proton 
conductivity, and its proton conductivity is generally not high. 

[0021] A number of R&D efforts have been made for various electrolyte membranes to solve these problems involved 
in the conventional PEFCs, None of them, however, have succeeded in developing proton-conducting membranes 
5 showing sufficient durability at high temperature (e.g., 1 0O'C or higher) and satisfying the mechanical and other prop- 
erties. 

[0022] In the direct methanol type fuel cell (sometimes referred to as DMFC) which works on methanol as the fuel 
in place of hydrogen, on the other hand, methanol directly comes into contact with the membrane. The sulfonated 
fluorine resin-based membrane, e.g., Nafion membrane, now being used has a strong affinity for methanol, possibly 
10 causing problems which can lead to failure of the fuel cell when it absorbs methanol, e.g.. swelling to a great extent 
and dissolution in methanol In some cases. Crossover of methanol to the oxygen electrode side can greatly reduce 
cell output. These problems are common also with the electrolyte membranes containing an aromatic ring. Therefore, 
the membranes developed so far are neither efficient nor durable also for DMFCs. 

[0023] It is an object of the present invention to provide a proton-conducting membrane, excellent in resistance to 
IS heat, durability, dimensional stability and fuel barrier characteristics, and showing excellent proton conductivity at high 
temperature, which can solve the problems involved in the conventional PEFCs. It is another object of the present 
invention to provide a method for producing the same. It is still another object of the present invention to provide a fuel 
cell using the same. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

[Figure 1] 

[0024] Figure 1 schematically shows the sea-Island phase-separated structure constituting the proton -conducting 
25 membrane of the present invention. 

[Figure 2] 

[0025] Figure 2 schematically shows the phase-separated structure in which both phases are continuous, also con- 
30 stituting the proton-conducting membrane of the present Invention. 

[Figure 3] 

[0026] Figure 3 presents the microgram of the membrane prepared in EXAMPLE 1 , taken by a field emission type 
35 electron microscope. 

[Figure 4] 

[0027] Figure 4 presents the microgram of the membrane prepared in EXAMPLE 13, taken by a field emission type 
40 electron microscope. 

[Figure 5] 

[0028] Figure 5 presents the microgram of the membrane prepared in COM PARATIVE EXAMPLE 1 , taken by a field 
45 emission type electron microscope. 

DESCRIPTION OF THE REFERENCE NUMERALS AND SIGNS 

[0029] 

50 

1 . Carbon-containing phase 

2. Inorganic phase 

DISCLOSURE OF THE INVENTION 

55 

[0030] The inventors of the present invention have found, after having extensively studied a variety of electrolyte 
membranes to solve the above problems, that an innovative orycinic/lnorganic composite membrane can be obtained 
by Including, as the essential components, a selected combination of specific organic material, three-dimensionally 
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crosslinked structure containing a specific silicon-oxygen bond bound to the above organic material, and Inorganic 
acid for imparting proton conductivity, reaching the present invention, it is structurally characterized by the continuous 
paths of the inorganic acid, which realize the composite unprecedentedly excellent in resistance to heat, durability, 
dimensional stability and fuel barrier characteristics, and showing excellent proton conductivity at high temperature. 

5 [0031] The first invention is a proton-conducting membrane, comprising a carison-containing compound and Inor- 
ganic acid, characterized by 

a phase-separated structure containing a carbon-containing phase containing at least 80% by volume of a carbon- 
containing compound and inorganic phase containing at least 80% by volume of an inorganic acid, the inorganic phase 
forming the continuous ion-conducting paths. 

10 [0032] The second invention is the proton-conducting membrane of the first invention, wherein the phase-separated 
structure is a sea-island structure with the carbon-containing phase as the island and inorganic phase as the sea. 
[0033] The third invention is the proton-conducting membrane of the first invention, wherein the phase-separated 
structure is composed of the carbon-containing phase and inorganic acid phase both in the fomri of continuous structure, 
[0034] The fourth invention is the proton-conducting membrane of one of the first to third inventions, comprising a 

15 three-dimensionally crosslinlced silicon-oxygen structure (A), carbon-containing compound (B) bound to (A) via a cov- 
alent bond, and inorganic acid (C). 

[0035] The fifth invention is the proton-conducting membrane of the fourth Invention, wherein the carbon -containing 
compound (B) is characterized by the skeleton section substituted with hydrogen at the joint with the three-dimension- 
ally crosslinked silicon-oxygen structure (A), satisfying the following relationship: 

20 

(8p^ + 6h^)^'^ ^ 7{hAPa)^^ 

wherein, 5p and 5h are the polarity and hydrogen bond components of the three-component solubility parameter. 
25 [0036] The sixth Invention is the proton-conducting membrane of the fifth invention, wherein the carbon-containing 
compound (B) is bound to the three-dimensionally crosslinked silicon-oxygen structure (A) via 2 or more bonds. 
[0037] The seventh invention is the proton-conducting membrane of the sixth invention, wherein the skeleton section 
of the carbon-containing compound (B) Is a hydrocarbon consisting of carbon and hydrogen. 

[0038] The eighth invention is the proton -con ducting membrane of the seventh invention, wherein the skeleton sec- 
30 tion of the cart^on-contalnlng compound (B) has the stmcture represented by the following formula (1 ): 



wherein, "n" is an Integer of 2 to 20. 

[0039] The ninth invention Is the proton-conducting membrane of the seventh invention, wherein the skeleton section 
of the carison-containing compound (B) has the structure represented by the following formula (2): 



43 



-CH^CHrfCeKjI^j-CHjCHr • - • (2) 



50 wherein, "n" is a natural number of 4 or less. 

[0040] The tenth invention is the proton-conducting membrane of the sixth invention, wherein the skeleton section 
of the carbon-containing compound (B) has the structure represented by the following formula (3): 



55 
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0— fsiofi— ..-(3) 

' 2 

R 

wherein, Ri and R2 are each a group selected from the group consisting of CH3, CoHg and CeH«; and "I" is an inteaer 
of 2 to 20. - u a » 

[00411 The 11th invention is the proton-conducting nnembrane of the fourth invention, wherein the inorganic acid (C) 
is a heteropofy acid. 

[0042] The 12*^ invention Is the proton-conducting membrane of the 11*^ invention, wherein the heteropoly acid Is 
used in the form of being supported beforehand by fine particles of a metallic oxide. 

[0043] The 13*^ invention is the proton -con ducting membrane of the 11*^ or 12*^ invention, wherein the heteropoly 
acid Is a compound selected from the group consisting of tungstophosphoric, molybdophosphoric and tungstosilicic 
acid. 

[0044] The 14th invention is the proton-conducting membrane of the fourth invention, which contains 10 to 300 parts 
by weight of the inorganic acid (C) per 1 00 parts by weight of the three-dimensionally crosslinked silicon-oxygen struc- 
ture (A) and carbon-containing compound (B) totaled. 

[0045] The 15*^^ invention is a method for producing the proton-conducting membrane of one of the first to 14*^ 
inventions, comprising steps of preparing a mixture of a carbon-containing compound (D) and having one or more 
hydrolyzable silyl groups and the Inorganic acid (C), forming the above mixture Into a film, and hydrolyzing/condensing 
the hydrolyzable silyl group contained in the mixture fomried Into the film, to fonn the three-dimensionally crosslinked 
silicon-oxygen structure (A). 

[0046] The 16th invention is the method of the 15th inventjgnfor producingthe proton-conducting membrane, wherein 
the skeleton section of the carbon -containing compound having one or more hydrolyzable silyl groups (D) whose hy- 
drolyzable silyl group(s) are substituted by hydrogen satisfies the following relationship: 

{6p^ -I- Sh^)^^ ^ 7(MPa)^^ 

wherein, 5p and 6h are the polarity and hydrogen bond components of the three-component solubility parameter 
[0047] The 1 7th invention is the method of the 1 6th invention for producing the proton-conducting membrane, wherein 
the carbon-containing compound (D) having one or more hydrolyzable silyl groups has 2 hydrolyzable groups. 
[0048] The 1 8th invention is the method of the 1 7th invention for producing the proton-conducting membrane, wherein 
the carbon-containing compound (D) having one or more hydrolyzable silyl groups is represented by the following 
fonnula (4): 



(R'lj^Vi— R— SiX„(R%^ ■•■(4) 



wherein, R3 is a group selected from the group consisting of CH3. CgHg and CqH^; R4 is a hydrocarbon compound 
consisting of carbon and hydrogen; X is a group selected from the group consisting of CI, OCH3, OCoHg and OCgHs- 
and "m" is a natural number of 3 or less. 

[0049] The 1 Qth invention is the method of the 1 8th invention for producing the proton-conducting membrane, wherein 
the carbon-containing compound (D) having one or more hydrolyzable silyl groups Is represented by the followinq 
formula (5): 
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(R')3-„X„Si-fcH^SiX„(R%^ ...(5) 

Wherein, R3 is a group selected from the group consisting of CH3. CgHg and CgHs; X Is a group selected from the group 
consisting of CI. OCH3, OC2H5 and OCgHs; "m" Is a natural number of 3 or less; and "n" is an integer of 2 to 20. 
[0050] The 20th invention Is the method of the 1 8* invention for producing the proton-conducting membrane, wherein 
the compound (D) having one or more hydroiyzable sllyl groups is represented by the following formula (6): ' 

( la-, — CH,CH5{c,H,-)7rCHiCHj-S i X„ (r' j,^ • - - (6) 

Wherein. R3 is a group selected from the group consisting of CH3. C2H5 and CgHs; X is a group selected from the group 
consisting of CI, OCH3, OC2H5 and OCeHs; "m" is a natural number of 3 or less; and "n" is a natural number of 4 or less. 
[0051] The 21 St invention is the method of the 1 7th invention for producing the proton -conducting membrane, wherein 
the compound (D) having one or more hydrolyzable silyl groups is represented by the following formula (7): ' 



10 



15 



20 



30 
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(R')3-.'<„si-o-(sio}rSix„(R')3.„ -•• (7) 



wherein, R1, R2 and R3 are each a group selected from the group consisting of CH3, C2H5 and CeH.; X is a group 
selected from the group consisting of CI. OCH3. OC2H5 and OCeHg; "m" is a natural number of 3 or less; and "I" is an 
Integer of 2 to 20. 

[0052] The 22"^ invention is the method of the 1 5th invention for producing the proton-conducting membrane, wherein 
the step of hydrolyzing/condensing the hydrolyzable silyl group to form the three-dim ens ion ally crosslinked silicon- 
oxygen structure (A) uses water (E) to be contained in the mixture. 

[0053] The 23rd invention Is the method of the 1 5th invention forproducing the proton-conducting membrane, wherein 
the step of hydrolyzing/condensing the hydrolyzable silyl group to fomn the three-dimensionally crosslinked silicon- 
oxygen structure (A) is effected at 5 to 40°C for 2 hours or more. 

[0054] The 24*^ Invention is the method of the 1 5*^ invention for producing the proton -con ducting membrane, wherein 
the step of hydrolyzing/condensing the hydrolyzable silyl group to fomn the three-dimensionally crosslinked silicon- 
oxygen structure (A) Is followed by an aging step effected at 1 00 to 300*'C. 
[0055] The 25th invention is the method of the 1 5th invention for producing the proton-conducting membrane, wherein 
the step of hydrolyzing/condensing the hydrolyzable silyl group to fomi the three-dimensionally crosslinked silicon- 
oxygen structure (A) Is followed by a step in whteh a compound (F) having a hydrolyzable silyl group Is spread and 
hydrolyzed/condensed, effected at least once. 
so [0056] The 26th invention is a fuel cell which incorporates the proton-conducting membrane of one of the first to 1 4th 
invention. 

PREFERRED EMBODIMENTS OF THE INVENTION 
S5 [0057] The present invention Is described in detail. 
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1 . Continuous structure of the inorganic acid 

[0058] The proton-conducting membrane of the present invention comprises a carbon-containing compound and 
inorganic acid, characterized by a carbon-containing phase containing at least 80% by volume of the carbon-containing 
compound and inorganic phase containing at least 80% by volume of the inorganic acid, the inorganic phase forming 

the continuous Ion-conducting paths. 

[0059] The proton-conducting membrane of the present invention has the component responsible for proton con- 
duction (agent to impart proton conductivity) and the component responsible for securing the membrane properties, 
e.g. . adequate softness. More specifically, the present invention uses an Inorganic acid as the component responsible 
for proton conductance and carbon-containing compound as the component for securing the membrane properties. 
[0060] The distributions of these components in the membrane are described. 

[0061] First, when the proton moves in a system with the Inorganic and carbon-containing phases uniformly dispersed 
or dissolved in each other, it must flow not only through the inorganic acid section, which easily conducts the proton, 
but also through the carbon-containing section, which conducts the proton less. When the proton should pass through 
the section providing more resistance to its flow, proton conductivity of the membrane decreases. It is necessary to 
incorporate a sufficient quantity of an inorganic acid to l<eep proton conductivity not decreased, A membrane will have 
an increased proton conductivity when it contains a sufficient quantity of an Inorganic acid, which provides the paths 
through which the proton is continuously conducted (continuous inorganic acid section). However, such a membrane 
will be extremely fragile, or not self-sustaining. Moreover, the acid is dissolved in water in the fuel or formed by the 
reaction taking place in the fuel cell, which not only decreases proton conductivity drastically but also contaminates 
the entire device. In such a unifonn dispersion system, therefore, there Is a trade-off relationship between proton 
conductivity and membrane properties, and it Is difficult to simultaneously satisfy them. 

[0062] In order to simultaneously satisfy them, It Is necessary to separately structure the inorganic acid section 
responsible for proton conductivity and carbon -containing compound section responsible for securing the membrane 
properties, in particular the inorganic acid section as the continuous phase which provides the paths for the proton 
conductance. When the section containing a larger quantity of inorganic acid fonns the continuous phase. Ion conduc- 
th^ity should increase, needless to say. It is therefore essential that the inorganic acid section forms the continuous 
phase. 

[0063] The "continuous structure" means that the portions containing at least 80% by volume of an inorganic acid 
are continuously connected to each other in the electron rnicrogram, e.g., that produced by the high-angle scattering 
dark field STEM method (Z-contrast microgram) taken by a field emission type electron microscope (e.g., JOEL's JEM- 
201 OF). The observed results indicate that the inorganic acid section with a continuous structure gives a proton con- 
ductivity of 10-3s/cm or more, and the section without such a structure gives a proton conductivity below 10-3s/cm. 
The electron m Icroscopic analysis provides the indirect evidence whether or not proton conductivity is 1 0-^S/cm or more. 
[0064] The phase-separated structures with a continuous inorganic phase include layered structure, structure where 
both phases are continuous, and sea-island structure. Of these, the layered structure involves disadvantages of diffi- 
culty in controlling the structure due to necessity for orienting layers In the thickness direction, and anticipated decrease 
in bending strength. 

[0065] The present invention adopts the sea-island structure or structure where both phases are continuous, to 
simultaneously achieve the intended high proton conductivity and membrane properties. 

[0066] The sea-island structure of the present invention is described by referring to Figure 1 . It is essential for such 
a structure to have the carbon-containing phase as the island phase, and the inorganic phase with an inorganic acid 
as the major Ingredient as the sea phase. When this relationship is reversed, proton conductivity will drastically de- 
crease. In the island-sea stnjcture with an inorganic acldforming the continuous, sea-like phase, the proton can conduct 
efficiently and at a high speed in the continuous Inorganic phase, and, at the same time, the membrane properties can 
be sufficiently secured, because the carbon-containing phase has the structure of adequate size. The membrane having 
the above-described structure is self-sustaining while actually securing a proton conductivity of 1 0"3S/cm or more, and, 
at the same time, flexible or soft. 

[0067] Next, the structure of the present invention where both phases are continuous is described by referring to 
Figure 2. Such a stmcture is characterized by both cartDon-containIng phase and inorganic phase with an inorganic 
acid as the major ingredient are continuous. It Is essential for the present invention to have the inorganic phase as the 
continuous phase, as discussed above. Therefore, proton conductivity is not essentially affected whether the organic 
phase composed of the cartoon-containing phase is continuous ortaking an island-like structure. In the stmcture where 
both phases are continuous, the proton can conduct efficiently and at a high speed in the continuous inorganic phase 
as in the island-sea structure, and. at the same time, the membrane properties can be sufficiently secured, because 
the carbon-containing phase has the structure of adequate size. The membrane having such a structure is self-sus- 
taining while cicluaiiy securing a proton conductivity of IQ-^S/cm or more, and, at the same time, flexible or soft. 
[0068] Whether the phase structure has the island-sea structure or two continuous phases depends on, e.g., type 



8 



EP 1 223 632 A2 



of the carbon-containing compound, solvent and acid used, and fllm-nnaking temperature. It is possible to selectively 
produce each structure, which, however, Is not necessary, because both structures can simultaneously achieve good 
proton conduction and membrane properties. The most important and essential thing for the present invention is to* 
secure continuity of the inorganic phase. 

[0069] The carbon-containing phase preferably contains at least 80% by volume of a carbon-containing compound, 
otherwise the softening effect may not be sufficiently realized. The inorganic phase, on the other hand, preferably 
contains at least 80% by volume of an inorganic acid, otherwise proton conduction may not be sufficiently realized. 
[0070] The volumetric ratio of each component of the carbon-containing and Inorganic phase can be determined 
from the electron microgram, e.g., that produced by the high-angle scattering dark field STEM method (Z-contrast 
microgram) taken by a field emission type electron microscope (e.g., JOEUs JEM-20iaF). 

[0071] It is observed by the electron microscopic analysis that the membrane having the structure shown in Figure 
1 shows no scattering portion caused by the inorganic compound in the carbon-containing phase, and shows little low- 
scattering portion caused by the carbon-containing compound in the inorganic phase, confirming that each compound 
accounts for at least 95% by volume in Its phase. It is also observed that the membrane having the structure shown 
in Figure 2 shows no scattering portion caused by the inorganic compound in the carbon-containing phase, and shows 
little low-scattering portion caused by the carbon-containing compound in the inorganic phase, also confirming that 
each compound accounts for at least 95% by volume in its phase. 

[0072] Therefore, the proton-conducting membrane of the present invention can simultaneously achieve high proton 
conduction and good membrane properties. Moreover, this membrane is also highly resistant to heat by incorporating 
a thermally stable inorganic compound as the structural material, because the section responsiblef or proton conduction 
is not decomposed, unlike that in the conventional electrolyte membrane, and phase-separated structure Is stable at 
high temperature in the presence of the carbon-containing compound. This phase structure can control swelling of the 
membrane to a minimum extent under a wet condition, producing no stress In the membrane-electrode assembly even 
when humidity changes while the PEFC Is operating. 

[0073] Therefore, the proton-conducting membrane of the present invention stably exhibits proton conduction over 
a wide temperature range, and hence is applicable to all types of PEFCs, including a direct fuel type fuel cell. 

2. Structural components of the proton-conducting membrane 

[0074] It is important for the proton-conducting membrane of the present invention, in order to have the above- 
described island-sea structure or structure where both phases are continuous, that it includes, as the structural com- 
ponents, a three-dimenslonally crosslinked silicon-oxygen structure (A), carbon-containing compound (B) bound to (A) 
via a covalent bond, and inorganic acid (C), and that the skeleton section of the carbon-containing compound (B) satisfy 
the following relationship: 

(6p^-K6h^)^^<7(MPa)^^ 

wherein, 5p and 6h are the polarity and hydrogen bond components of the three-component solubility parameter. 
[0075] The above components (A), (B) and (C) are described In detail. 

3. Three-dlmensionally crosslinked silicon-oxygen structure (A) 

[0076] The three-dimensionally crosslinked silicon-oxygen structure (A) for the present invention helps impart high 
heat resistance to the proton-conducting membrane after being strongly bound to the carbon-containing compound 
(B) via covalent bond. The three-dimensionally crosslinked silicon-oxygen structure (A) may be the one with silicon 
replaced by titanium, zirconium or aluminum. Nevertheless, however, silicon is more preferable for availability of the 
starting material, reaction simplicity and cost consideration, among others. 

[0077] The three-dimensionally crosslinked silicon-oxygen structure (A) for the present invention can be generally 
prepared easily by the so-called sol-gel process where a compound having a hydro lysable silyl group (e.g., alkoxysilyl 
or halogenated silyl group) as the precursor is hydrolyzed and condensed. The hydrolysable silyl group and carbon- 
containing compound (B) may be separately Incorporated and bound to each other later. However, it is preferable to 
bind them to each other beforehand from production and membrane perfomiance stability. 

[0078] The precursors for the three-dimensionally crosslinked silicon-oxygen structure (A) include, in addition to 
those bound beforehand to (B), compounds having a hydrolysable silyl group, including alkoxysilanes. e.g., tetraethox- 
ysilane, tetramethoxysilane, tetraisopropoxysllane, tetrabutoxysllane, methyltriethoxysilane and dimethyldiethoxysi- 
lane; and halogenated silanes, e.g., tetrachlorosiiaiie and methyitrichlorosilane. Moreover, a small quantity of metallic 
alkoxide, e.g., titanium, zirconium or aluminum alkoxide, may be incorporated, to fonn the three-dimensionally 
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crosslinked comopound metallic oxide structure and thereby to further reinforce the three-dlmensionally crossl.lnked 
silicon-oxygen structure (A). In such a case, an alkoxy compound or complex. Including alkoxytitanlum, e.g.. titanium 
tetralsopropoxide, titanium tetrabutoxide or polymer thereof, titanium complex, e.g., that with acetyl acetone, or corre- 
sponding aluminum or zirconium compound, may be used. These are condensed with the hydroiysable silyl group 
bound beforehand to (B), to form the component for the three-dlmensionally crosslinked silicon-oxygen structure (A) 
bound to (B) 

4. Carbon-containing compound (B) 

[0079] The carbon-containing compound (B) Is present in the proton-conducting membrane of the present invention 
in the fomri bound to the above-described three-dimenslonally crosslinked silicon-oxygen structure (A). 
[0080] More specificaily, the carbon -containing compound (B) forthe present invention assumes a role for imparting 
adequate softness to the proton-conducting membrane, and improving handiness of the membrane itself and facilitating 
fabrication of the membrane-electrode assembly. At the same time, it forms the phase-separated stmcture with an 
inorganic acid (C), after solubility of the compounds (8) and (C) in each other is adjusted, to structure the continuous 
inorganic acid (C) phase and thereby to realize high conductivity. 

[0081] The carbon-containing compound (B) preferably has an adequate length for the fomrier role, because 
crosslinking density can be adjusted by molecular chain length of the compound (B). The "adequate length" as de- 
scribed herein cannot be specified, because it depends on various factors, e.g., branching of the molecular chain, 
flexibility of the bond and presence or absence of the ring structure. In the bond of the carbon-carbon methylene chain, 
number of the bonds is preferably around 1 to 50, particularly preferabty 2 to 20. The chain having one carbon bond, 
although useful, may give the fragile membrane. One the other hand, the chain having an excessive length is unde- 
sirable, because it may block the Ion conduction path to decrease conductivity. 

[0082] For the latter role, on the other hand, solubility of the compounds (B) and agent for imparting proton conduc- 
tivity (C) in each other is important, for including the compound (C) in the phase-separated structure. More specifically, 
the compounds (B) and (C) can be uniformly dispersed, when they are soluble in each other. In such a case, however, 
proton conductivity, although secured to some extent, is insufficient for a fuel cell. It is necessary to incorporate the 
compound (C) at a high content in order to sufficiently increase proton conductivity, which, however, is accompanied 
by the deteriorated membrane properties. On the other hand, when the compounds (B) and (C) are sparingly soluble 
in each other, they cause phase separation. It is important to note in such a case that the phase-separated structure 
in which the inorganic acid (C) forms a continuous phase can be realized, when the compound (B) satisfies the specific 
condition, as described later. 

[0083] It Is not necessary to Incorporate the compound (C) at a high content which may deteriorate the membrane 
properties, when the structure has the continuous inorganic acid (C) phase, as described eariier. It is important that 
the Inorganic acid (C) and carbon-containing compound (B) are sparingly soluble in each other, in order to form the 
above-described phase-separated structure. 

[0084] Solubility parameter (SP value) is generally used to discuss solubility of different compounds in each other. 
Solubility parameter Is defined as square root of cohesive energy density, and solubility of different compounds can 
be predicted by comparing their solubility parameters. For definition and types of solubility parameter, refer to Polymer 
Handbook (by J. Brandrup and others, fourth edition. Vll-675 to 711), which describes the related matter in detail. Of 
the solubility parameters described, the inventors are particularly interested in the 3-component SP value, proposed 
by CM. Hansen (J. Paint Techn., 39. 505, 104 (1967)). 

[0085] According to this method, the SP value (5; unit: (MPa)^'^) consists of the 3 components of dispersion force 
(6d). polarity (6p) and hydrogen bond (5h), wherein the total SP Is correlated by these components: 

6^ = 6d^ + 6p^ + 5h^ 

[0086] This solubility parameter, broken down Into the solubility-related factors, gives very high-quality solubility- 
related information. 

[0087] The 3-component solubility factor is proposed for various compounds by Hansen and his successors. Refer 
to Polymer Handbook (fourth edition, VII-698 to 711), which discusses the parameter in detail. 
[0088] The inorganic acid (C) is described briefly here, and in more detail later. Widely used inorganic acids include 
sulfuric, phosphoric, sulfonic and phosphonic acids, but a heteropoly acid is mainly used forthe present invention. A 
strong acid having a low pKa value as the compound (C) gives a high conductivity. However, such an acid is readily 
soluble in water, and apparently has a high hydrogen bonding property and polarity. In other words. 5p and 6h greatly 
contribute to the 3-component SP value. It is therefore recommended to note the 6p and 8h components for controlling 
solubility with the compound (C), and the Inventors of the present Invention have noted these components. 
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[0089] Solubility of the carbon -containing compound (B) and Inorganic add (C) In each other is decreased, when 
the fomier has a low 5p and 5h value, fomning the phase-separated structure shown in Figures 1 and 2. It is observed, 
when the (5p2 + 5h2)i/2 value is found for the joint between the connpound (B) and three-dimensionally crosslinked 
structure (A) after It is substituted by hydrogen (i.e., for the skeleton section of the compound (B)) to be correlated with 
the phase-separated structure, that dissolution starts when (5p2 + Sh2)i/2 <, 7(MPa)i/2^ making it difficult to form the 
phase-separated structure, whereas the phase-separated structure is fonned when (Sp2 + 5h2)i/2 < 7(MPa)i/2^ partic- 
ularly notably when (5p2+5h2)i/2<5((^pa)i/2 tofo^jj^ecQn^jpyQ^Qg^^^j^^j^g ^^^^^ inorganic acid (C),thus ImfDroving 



[0090] Therefore, it is essential forthe present invention that the skeleton section of the carbon-containing compound 
(B) satisfies the relationship (5p2 + 5h2)i/2 < 7{MPa)^^ for the polarity component 6p and hydrogen bond component 
6h as the two components of the 3-component solubility parameter. 

[0091] The carbon-containing compound (B) is not limited so long as it satisfies the above requirement, but preferably 
has the stmcture resistant to decomposition by an acid, because it is used together with the inorganic acid (C) forthe 
present invention. The carbon-containing compound (B) is generally stable to acid, when It has a sufficiently low (6p2 
+ 6h2)i/2 value involving the polarity component 5p and hydrogen bond component 5h as the two components of the 
3-component solubility parameter, because the value is nothing else but the one representing the interactions with an 
acid. 

[0092] The preferable skeleton section of the cartoon-containing compound (B) which satisfies the relationship (5p2 
+ bh^^^ ^ 7(MPa)'''2 includes a hydrocarbon compound consisting of carbon and hydrogen. 

[0093] Forthe polarity component 6p and hydrogen bond component 6h as the two components of the 3-component 
solubility parameter, most hydrocarbons are zero or very close thereto for each component, when they are free of 
unsaturated bond. Therefore, they can be suitably used to form the phase-separated structure. 
[0094] The other hydrocarbons can also satisfy the relationship (5p2 + 5h2)i^ ^ 7(MPa)i^, even when they have an 
unsaturated bond, e.g., aromatic. 

[0095] Therefore, a hydrocarbon compound is suitable for the skeleton section of the carbon-containing compound 
(B) for its structure controllability and stability to acid. 

[0096] The examples of the skeleton sections of hydrocarbon compounds include straight-chain or branched paraffins 
havingachain structure of -(CHg)^-, e.g., ethane, propane, butane, pentane, hexane, heptane, octane, nonane, decane, 
undecane, dodecane, tridecane, tetradecane, pentadecane, hexadecane, heptadecane, octadecane, nonadecane and 
eicosane; and aromatic compounds, e.g., benzene, diethyl benzene, biphenyl, diethyl biphenyl, terphenyl, diethyl ter- 
phenyf, quarter phenyl, diethyl quarterphenyl, naphthalene derivative, anthracene derivative, pyrene derivative, and a 
substituted compound thereof. The derivatives of the above compounds, e.g., those substituted by fluorine, rnay be 
used, so long as they satisfy the requirement (6p2 + 6h2)i/2 < 7(MPa)^^. 

[0097] When the above compound is to be used as the carbon-containing compound (B), it should be bound to the 
three-dimensionally crosslinked silicon-oxygen structure (A) via at least one covalent bond. Otherwise, it will be a 
paraffin compound or the like which Is gaseous, liquid or molten at high temperature, and Inapplicable to a proton- 
conducting membrane sen/iceable at high temperature. It is preferably bound to the stmcture (A) via 2 or more bonds. 
Extent of crosslinking will be insufficient, when It is bound to the structure (A) via only one bond, possibly leading to 
insufficient membrane strength and easily broken phase-separated structure. On the other hand, the compound (B) 
bound to the structure (A) via 3 or more bonds can be used, so long as the membrane is kept flexible. A carbon- 
containing compound having no bond with the structure (A) and the one having one bond may be included, provided 
that the compound (B) having 2 or more bonds is included at a sufficient content and membrane flexibility and conduction 
stability are secured. The minimum content of the compound (B) having 2 bonds with the structure (A) Is normally 50% 
by weight or more, although not sweepingly generalized, because it varies with molecular length of the compound (B). 
[0098] When the structure (A) and compound (B) are bound to each other via 2 bonds, and a saturated hydrocarbon 
is used as the skeleton section, the compound represented by the following fonnula (1 ) is preferable. It is bound to the 
three-dimensionally crosslinked silicon-oxygen structure (A) at both tennlnals of the methylene chain. 



wherein, "n" as the number of the methylene chains is an integer of 2 to 20, preferably 4 to 14. When "n" is 1. the 
membrane will be f.'-agils. When "n" is more than 20, on the other hand, the effect of improving resistance to heat by 
the three-dimensionally crosslinked silicon-oxygen structure (A) will be reduced, and the Inorganic acid (C) phase tends 



conductivity. 
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to be broken to decrease proton conductivity. 

[0099] When the structure (A) and compound (B) are bound to each other via 2 bonds, and an unsaturated hydro- 
carbon is used as the skeleton section, the compound represented by the following formula (2) Is preferable. It is bound 
to the three-dlmenslonally crossllnked slllcon-oxygen structure (A) at both temiinals of the ethylene group at both 
temiinate of the aromatic ring.. 



— CHjCHj-f CjHjIirCHaCHr • - • (2) 

Wherein, "n" as the number of the phenylene group is a natural number of 4 or less. The position at which the phenyl 
group IS substituted Is not limited; it may be ortho, metha or para position, or a mixture thereof. The compound with 
"n" of 5 or more is not desirable, because of hardness to obtain. 

[01 00] Another type of compound which satisfies the relationship (6p2 + 6h2)i« < 7(MPa)i/2 is alkyi siloxane. One of 
the representative examples of the skeleton section of the compound (B) bound to the structure (A) via 2 bonds is the 
compound represented by the following fomriula (3). It Is bound at both temnlnals of the siloxane bond. 



r' 

0-f|io)T- 



(3) 



wherein, Ri and R2 are each a group selected from the group consisting of CH3, CgHg and CgHg; and "1" as the number 
of the siloxane group is an integer of 2 to 20, preferably 3 to 1 0. When "I" is 1 , the membrane will be fragile When "1" 
IS more than 20, on the other hand, the inorganfc acid (C) phase tends to be broken to decrease proton conductivity. 

5. Inorganic acid (C) 

[01 01] The proton-conducting membrane of the present invention comprises an inorganic acid (C), in addition to the 
above-described three-dimensionally crosslinked silicon-oxygen structure (A) and carbon-containing compound (B). 
[0102] The inorganic acid for the present invention is responsible for increasing proton concentration In the proton- 
conducting membrane. Increased proton concentration is essential for realizatiori of high proton conductivity for the 
present Invention, In consideration of proton conductivity increasing in proportion to concentrations of proton and the 
proton-conducting medium (generally of water supplied separately). 

[0103] The so-called protonic acid compound, which releases the proton, Is used as the inorganic acid (C) as the 
agent for Imparting proton conductivity. Types of the inorganic acid (C) as the agent for imparting proton conductivity 
include phosphoric, sulfuric, sulfonic, carboxylic, boric and heteropoly acid, and a derivative thereof . These acids may 
be used either individually or in combination for the present invention. 

[01 04] Of these, a heteropoly acid is more preferable for Its resistance to heat and stability In the membrane, where 
heteropoly acid is a generic temi for inorganic 0x0 acids, of which tungstophosphoric, molybdophosphoric and tungs- 
tosilidc acid of Keggin or Dawson structure are more preferable. 

[0105] These heteropoly adds have sufficiently large molecular sizes to control elution of the acid out of the mem- 
braneto a considerable extent, even In the presence of water orthe like. Moreover, they have ionic polarity and capacity 
of being bonded to hydrogen, and are efficiently separated from the carbon-containing compound (B) phase to Increase 
proton conductivity, as described earlier, and retained in the membrane by the polarity interactions with the silicon- 
oxygen bond to control elution of the acid out of the membrane. As such, they are espedally suitable for the proton- 
conducting membrane which works at high temperature for extended periods. 

[01 OS] Tr ie heteropoiy add may be supported beforehand by fine partldes of metallfc oxide, to be stably immobilized 
In the membrane. These metallic oxides Indude silica, alumina, titanium and zirconium. These fine partldes are pro- 



12 



EP 1 223 632 A2 

vided by various makers. For example, CHEMAT TECHNOLOGY, INC is supplying the fine particles of various metallic 
oxides dispersed in water, alcohol or the like, and Nippon Aerosil Co.. LTD. is supplying fine particles of various types 

Of silica. -"^ 

[01 07] Size of these fine particles of metallic oxide is not limited, but preferable size is normally in a range from 1 0nm 
to lOOixm. Those having a size below lOnm are hard to obtain and limited in supporting effect. On the other hand 
those having a size above 1 0Oum are too large for membrane thtekness, and may work as the fracture origins in the 
membrane. 

[01 08] The heteropoly acid can be easily supported by the fine metallic oxide particles by mixing them in a solution 
The solution containing the heteropoly acid and fine metallic oxide particles may be concentrated to produce the solids 
which are to be crushed. Moreover, the heteropoly acid supported by the fine metallic oxide particles may be used 
together with a free heteropoly acid not supported. 

10109] Of the inorganic solid acids, tungstophosphoric. molybdophosphoric and tungstosilicic acid are especially 
preferable in consideration of their high acidity, large size and magnitude of the polarity interactions with the metal- 
oxygen bond. 

[01 1 0] The heteropoly acid may be used together with another acid as described eariier, or with two or more other 
organic or inorgank: acids for the inorganic acid (C). 

6. Content ratio of each component 

[0111] The proton^nducting membrane ofthe present invention comprises, as the essential components thethree- 
dimensionally crosslinked silicon-oxygen structure (A), carison-containing compound (B) bound to (A) via a covalent 
. fl'TO'gan'c ac'd (C). as described eariier. Of these components, the inorganic acid (C) is incorporated preferably 
at 1 0 to 300 parts by weight per 1 00 parts by weight of the three-dimensionaiiy crosslinked silicon-oxygen structure 
(A) and carbon-containing compound (B) totaled. 

[0112] At below 10 parts by weight of the inorganic acid (C) per 100 parts by weight of the three-dimenskjnally 
crosslinked silicon-oxygen structure (A) and carbon-containing compound (B) totaled, good proton conductivity of the 
membrane may not be expected. At above 300 parts by weight, on the other hand, the phase-separated structure and 
membrane properties may no tonger be secured, and. at the same time, the inorganic acid (C) may not be sufficiently 
held by the three-dimensionaliy crosslinked silicon-oxygen structure (A) and carbon-containing compound (8) and 
released out of the membrane. 

7. Other optional components 

[0113] The proton-conducting membrane of the present Invention comprises (A) to (C) as the essential components 
as descnbed eariier. and may be incorporated with other optional components, within limits not harmful to the obieci 
of the present invention. These optional components include fine particles of metallic oxide (e.g.. silica, titanium oxide 
alumina or zirconia). Inorganic mineral (e.g.. smectite, montmorillonite ortalcite). metal (e.g.. platinum or paliadium)' 
and further glass mat, resin mat, glass fibers or resin fibers. 

[0114] The optional components further include reinforcing agent, softening agent, surfactant, disperaant. reaction 
promoter, stabilizer, colorant, antioxidant, and inorganic or organic filler. 

8. Methods of producing the proton-conducting membrane 

P115] The proton-conducting membrane of the present invention comprises, as the essential components the three- 
dimensionally crosslinked silicon-oxygen structure (A), carbon-containing compound (B) bound to (A) via a covalent 
bond and inorganic acid (C), characterized by the phase-separated structure in which the inorganic acid (C) forms the 
continuous phase, when the membrane of the composite of these components is produced 

[0116] As described eariier in DESCRIPTION OF THE RELATED ART, a membrane in which an organto material, 
structure three-dimensionally crosslinked by a metai-oxygen bond, and inoiganfc acid or acid group (e.q sulfonic or 
phosphonic acid group) with an introduced side chain of organte material are unifonnly dispersed and mixed is known 
Such a mixture, however, cannot simultaneously satisfy the objects of the present invention, e.g., imparting softness 
to the membrane, securing high proton conductivity and improving resistance to heat, in the case of the mixed/dispersed 
system It is necessary to incorporate a large quantity of acid or introduce an acid group which can impart proton 
conductivity, in order to improve proton conductivity, which is invariably accompanied by deteriorated membrane prop- 
erties. For resistance to heat, incorporation of an inorganic material orthe like does improve the resistance but mere 
incorporation cannot give the resistance greatly exceeding that of the organic material itself incorporated in the mem- 
L>rans, anu Wiu i ail to eiu-hieve the satisfactory results. 

[0117] In the proton-conducting membrane of the present invention, on the other hand, the three-dimensionally 
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crosslinked silicon-oxygen structure (A) and carbon-containing compound (B) are bound to each other to greatly im- 
prove resistance to heat, and the phase-separated stmcture in which the inorganic acid (C) forms a continuous phase 
is established to simultaneously realize a high proton conductivity and good membrane properties. 
[0118] The proton-conducting membrane of the present invention can be produced by various methods, e.g., one 
of the following 3 methods 1 ) to 3). described below: 



1) This method comprises 3 steps; the first step mixes a carbon-containing compound (D) having at least one 
substrtuent (e.g., hydrolysable silyl group) capable of fomning the three-dimensional crosslinked structure (A) con- 
taining a silicon-oxygen bond with the inorganic acid (C), the second step makes the above mixture into a film by 
a known method, and the third step hydrolyzes/condenses the substituent (e.g., hydrolysable silyl group) capable 
of fonning the three-dimensional crosslinked structure (A) containing a silicon-oxygen bond (the so-called soi-gel 
process), to form the three-dimensional crosslinked structure (A) and produce the objective proton-conducting 
membrane therefrom. " 



2) This method prepares a reaction system containing a cartDon-containing compound (D) having a substituent (e. 
g., hydrolysable silyl group) capable of fomning the three-dimensional crosslinked structure (A) containing a silicon- 
oxygen bond; makes the above mixture Into a film by a known method; forms the three-dimensional crosslinked 
structure (A) in the film by the sol-gel process in the presence of water or its vapon and brings the resultant film 
into contact with the solution containing the inorganic acid (C) to incorporate It into the film, to produce the objective 
proton-conducting membrane. 



3) This method produces a film from the three-dimensional crosslinked structure (A) containing a silicon-oxygen 
bond having a group capable of being bound to the carbons ntalning compound (B) via a covalent bond (for 
example, group having an unsaturated bond, e.g., vinyl group, or functional group capable of being bound to 
another compound via a covalent bond, e.g., hydroxyl, amino or Isocyanate group); and impregnates the resultant 
film with the carbon-containing group having a substituent capable of being bound to the carbon -containing com- 
pound (B) via a covalent bond and also with the Inorganic acid (C) to form the covalent bond between the structure 
(A) and compound (B), to produce the objective proton-conducting membrane. 

[0119] It is the object of the present invention, as described eariier, to provide the proton^onductlng membrane 
comprising the three-dimensionally crosslinked silicon-oxygen structure (A), cariaon-containing compound (B) bound 
to (A) via a covalent bond and inorganic acid (C) as the essential components, wherein the phase-separated structure 
in which the inorganic acid fomis the continuous phase Is established when the membrane of the composite of these 
components Is produced. Therefore, the method for producing such a membrane is not limited, so long as the object 
is satisfied. However, the above-described method 1) is more preferable because of, e.g.. its handling simplicity reli- 
ability and Investment cost. 

[0120] The above method 1) is described in the order of steps to explain, in more detail, the method for producing 
the proton-conducting membrane of the present invention. 

[0121] The method of the present invention for producing the proton-conducting membrane includes the first step 
for preparing the mixture which contains the cart3on-containing compound (D) having at least one hydrolysable silyl 
group and inorganic acid (C). 

[0122] A hydrolysablesliyi group is preferable as the substituent capable of fonning the three-dimensional crosslinked 
structure (A) containing a silicon-oxygen bond. The compounds having a hydrolyzable silyl group useful for the present 
Invention Include trialkoxysilyl group, e.g., trimethoxysilyl, triethoxysilyl, triisopropoxysilyl and triphenoxysilyl; tri-halo- 
genated silyl group, e.g.. tricholorosilyi; those having a dialkoxy or di-halogenated silyl group, e.g.. methyldiethoxysilyl, 
methyldimethoxysilyl, ethyldlethoxysilyl. ethyldimethoxysilyl, met hyldichio rosily I and ethyldichlorosilyl; those having a 
monoalkoxy or mono-halogenated silyl group, e.g., dimethylethoxysilyl, dimethylmethoxysilyl and dimethylchlorosilyl; 
and those having a hydroxysilyl group. Various compounds having a hydrolyzable silyl group are easily available at 
low cost from the markets, and it is easy to control the sol-gel process for producing the three-dimensionally crosslinked 
structure containing a silicon-oxygen bond. 

[0123] The above compound may be Incorporated with a hydrolyzable metallic compound which gives another metal 
oxide (e.g., titanium, zirconium or aluminum oxide). These metallic compounds include carbon -containing compounds 
having a substituent, e.g., mono-, di- ortri-alkoxide of titanium, zirconium or aluminum, or complex with acetylacetone 
or the like. Content of the hydrolyzable metallic compound other than silicon compound Is not limited, but preferably 
50% by mol or less on the hydrolysable silyl group for cost and easiness of controlling the reaction. 
[0124] A hydrolysable inorganic compound may be incorporated as the precursor for the three-dimensionally 
crosslinkf^d structure containing a metai-oxygen bond but having no bond with the carbon-containing compound (D). 
These inorganic compounds include alkoxyslllcates. e.g., tetraethoxysilane, tetramethoxysllane, tetralsopropoxysllane. 
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tetra-n-butoxysilane, tetra-t-butoxysllane, and their monoalkyl and dialkyl derivatives; 

phenyitrlethoxysllane, halogenated sllane, tetraethoxy titanate, tetraisopropoxy titanate, tetra-n-butoxy titanate, tetra- 
t-butoxy titanate, and their monoalkyl and dialkyl derivatives; alkoxy titanate and its oligonners containing a compound, 
e.g., acetylacetone or the like substituted with a group for controlling crosslinking reaction rate; and alkoxy zirconate. 
5 [0125] Content of the hydrolysable metallic compound having no bond with the carbon-containing compound (D) is 
preferably 30% by mol or less on the carbon-containing compound (D) having one hydrolysable siiyi group. At above 
30% by mol, the carbon-containing phase and inorganic phase may not be clearly separated from each other, and high 
proton conductivity may not be obtained. 

[0126] It is the object of the present invention, as described earlier, to provide the proton-conducting membrane 
10 comprising the three-dimenslonally crosslinked silicon-oxygen structure (A), carbon-containing compound (B) bound 
to (A) via a covalent bond and inorganic acid (C) as the essential components, wherein the phase-separated structure 
in which the inorganic acid fomns the continuous phase is established when the membrane of the composite of these 
components is produced. Therefore, it is necessary for the carbon-containing compound (D) having at least one hy- 
drolysable silyl group for the present invention to have a phase-separable structure. 
15 [01 27] Solubility of the proton-conducting membrane of the present invention can be described by solubility param- 
eter (SP value) as explained for the carbon-containing compound (B). The carbon-containing compound (D) is the 
precursorfor the compound (B), and hence the conditions for the compound (B) are directly applicable to those forthe 
compound (D). 

[0128] Inotherwords, it is necessary forthe carbon-containing compound substituted with hydrogen, i.e., the skeleton 
20 section, to satisfy the relationship (5p2 + 6h2)''/2 < 7(MPa)*'/2 (wherein, 6p and 6h are the components of the three- 
component solubility parameter), except the hydrolyzable silyl group in the compound (D). 

[0129] Moreover, the compound (D) preferably has 2 hydrolyzable silyl groups in order to produce the proton-con- 
taining membrane of higher strength, because the group Is the precursor for the three-dim ensionally crosslinked struc- 
ture containing a silicon-oxygen bond. Extent of crosslinking will be insufficient in the membrane subjected to the sol- 
25 gel reaction, when the compound (D) has only one hydrolysable silyl group, because membrane strength may be 

insufficient and the phase-separated structure may be easily broken. 

[0130] It should be noted, however, a carbon-containing compound having no hydrolysable silyl group, or the one 
having 1 or 3 hydrolyzable silyl groups may be included, provided that the compound (D) having 2 hydrolyzable silyl 
groups Is included at a sufficient content. Content of the compound (D) having 2 hydrolyzable silyl groups is normally 
30 50% by weight or more, although not sweepingly generalized, because the required content varies with molecular 
length and structure of the compound (D) having 2 hydrolyzable silyl groups. 

[0131] One example of the compound (D) having 2 hydrolyzable silyl groups Is the compound represented by the 
following fonnula (4): 

35 




40 

wherein, is a group selected from the group consisting of CH3, CgHg and CgHg; is a hydrocarbon consisting of 
carbon and hydrogen atoms; X is a group selected from the group consisting of CI, OCH3, OC2H5 and OCgHg; "m" is 
a natural number of 3 or less, 

45 [01 32] For the polarity component 5p and hydrogen bond component 5h as the two components of the 3-component 
solubility parameter, most hydrocarbons are zero or very close thereto for each component, when they are free of 
unsaturated bond. Therefore, they can be suitably used to fomri the phase-separated structure. The other hydrocarbons 
can also satisfy the relationship (6p2 + 5h2)i'2 ^ 7(MPa)i'2^ even when they have an unsaturated bond, e.g., aromatic. 
Therefore, a hydrocarbon compound Is suitable forthe skeleton section of the carbon-containing compound (D) having 

50 2 hydrolyzable sllyl groups, for its structure controllability and stability to acid. 

[01 33] The examples of the skeleton sections of hydrocarbon compounds include straight-chain or branched paraffins 
having a chain structure of -(CHg),,-, e.g., ethane, propane, butane, pentane, hexane, heptane, octane, nonane, decane, 
undecane, dodecane, tridecane, tetradecane, pentadecane, hexadecane, heptadecane, octadecane, nonadecane and 
elcosane. Of these, the straight-chain compounds include the compound represented by the following fonnula (5): 

55 
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(R')3-„Vi^CH^SiX„(R%.„ ...(5) 

ava^SbirfZ"^^^^^^^^ h'' " commercialized when number of carbon'atoms is 9 or less 

Soc;s8 whe e an «^!^n '""^^ ^^'^ can be produced by the so^alled hydrasllylation 

bln^fn tl !? ■ , compound as a straight-chain hydrocarbon is reacted with a compound with the Sl-H 
bond in the presence of a catalyst, e.g.. chloroplatinic acid 

SI,?L„hrn?.^°*'ir.''K"^J ^"^^ ^^^'"^ ^" "'"^'^"'■^ ^l^^'^ton section include benzene, diethyl ben- 

' J' ^^^'^^"y'' '^^^^"y'' «1"arter phenyl, diethyl quarterphenyl. naphSne de- 

Z^J- ^"'^^"^^"^ derivative, pyrene derivative, and a substituted compound thereof "^phthalene de 

101 36] These compounds are represented by the following formula (6): 

(R')3-«X„Si-CH,CH,-^C,H,4f^CH,CHrSiX,(R^)3^ ... (6) 

roi3? ofthie^h^o^S^^^ ^ 3 or less; and »n" is a natural numberof 4 or less 

S < zlTaTi^ isZlL°r'^ cornpounds having 2 hydrolyzable silyl group which satisfies the relationship (5p2 + 
nv. j^n, 7{MPa)i« IS those having allcyl siloxane as the skeleton section. h v h + 

[0140] These compounds are represented by the following formula (7): 



8' 



(R').-.Vi-0-f|i0}T-SiX.(R%^ ...(7) 

SIS! Se fno^'^rT""'' ffr'T*^'* °f °' ^^^"^^"^ frc" Shin-Etsu Silicone. 

Pho^ suTonic b^ric h^^ '"^"^'''"'^ -'^'^ (C)- '"clude sutfuric. phos- 

phoric sulfonic, bone, heteropoly acid, and a protonic acid compound as the derivative thereo . Of these a heteroDolv 
m i!"-; ^""Sstophosphoric. molybdophosphoric or tungstosiiicic acid, is more preferable. t^^teropoly 

Scoh^.. ; *'!n^ril?Lf:,!5f ^^^^^^^^ .T*'- -^-ts useful for the present invention Include 

Th^ e«K,l. 7 ' r.*^ ' ^tl'"""'' ii-uuianoi, ana t-Dutanol; and ethers, e.g., tetrahydrofuran and dioxane 

The sclents are not limited to the above, and any one may be used so long as it Is usef ul for dCluZ or mlg the 
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organic material, metal alkoxide and the like. 

[01 44] Ratio of the solvent is not limited, but the content is preferably adjusted to give a solids concentration of 80 
to 10% by weight. 

[0145] The first step may use various additives, described in Section 7, Other optional components. 
[01 46] Then, the first step mixes the inorganic acid (C) with the carbon -containing compound (D) having at least one 
hydrolyzable silyl group, to prepare the precursor solution (reaction system containing the starting mixture for forming 
the membrane). The solution containing the compound (D) and that containing the compound (C) may be separately 
prepared beforehand and then mixed with each other, or these starting materials may be simultaneously mixed to 
simplify the process. 

[01 47] It is preferable to mix 1 0 to 300 parts by weight of the inorganic acid (C) with 1 00 parts by weight of the carbon- 
containing compound (D) having at least one hydrolyzable silyl group. At below 10 parts by weight, a sufficiently high 
proton conductivity may not be obtained. At above 300 parts by weight, on the other hand, the membrane may be 
fragile, or the compound (C) may be separated from the membrane. 

[01 48] The method of the present Invention for producing the proton -conducting membrane Includes the second step 
for making a film of the above precursor solution by a known method, e.g., casting or coating. 
[0149] The film-making method is not limited, so long as it can give the unifomri film. The film thickness can be 
optionally controlled at 1 0jim to 1 mm, and adequately selected In consideration of proton conductivity, fuel permeability 
and mechanical strength of the membrane. The thickness is not limited, but preferable thickness on a dry basis is 
normally in a range from 30 to SOO^im. 

[0150] The method of the present invention for producing the proton-conducting membrane includes the third step 
which hydrolyzes/condenses the substituent (e.g., hydrolysable silyl group) capable of fomiing the three-dimensional 
crosslinked structure (A) containing a silicon-oxygen bond (the soK:alIed sol-gel process), to form the three-dimensional 
crosslinked structure (A). 

[0151] The third step can produce the objective membrane by the so-called sol-gel process, in which the above film 
is treated at an optional temperature in a range from room temperature to 300'C. The film may be heated in the third 
step by a known method, e.g., heating by an oven or autoclave under elevated pressure. 

[0152] In order to effect the hydrolysis/condensation more efficiently in the third step, the precursor solution may be 
incorporated beforehand with water (E), or the film may be heated in the presence of steam. 

[0153] Content of water (E), when incorporated, is not limited so long as It does not cause separation of the precursor 
solution or other problems. Generally, it is preferably Incorporated at 0.1 to 50 mol equivalents for the hydrolysable 
silyl group. When the inorganic acid (C) has water of crystallization, it may be used without intentionally adding water (E). 
[0154] When the sol-gel process is effected in the presence of steam, the system is preferably kept at a relative 
humidity of 60% or more, particularly preferably in the presence of saturated steam. Thus, the hydrolysis/condensation 
process proceeds efficiently In the presence of water, either incorporated in the precursor solution as the component 
(E) or steam, to give the thennally stable membrane, 

[0155] In order to accelerate fonnation of the three-dimensionally crosslinked structure, an acid, e.g., hydrochloric, 
sulfuric or phosphoric acid, may be incorporated as the catalyst beforehand in the reaction system. Formation of the 
three-dimensionally crosslinked structure is accelerated also in the presence of an alkali, and hence an alkaline catalyst 
(e.g., ammonia) may be used. However, use of an acid is more preferable, because a basic catalyst reacts highly 
possibly with the agent for imparting proton conductivity. 

[0156] It is preferable to effect the third step at 100 to 300*»C, or adopt an aging step effected at 100 to 300°C 
subsequent to the third step for the method of the present invention. 

[0157] The proton-conducting membrane of the present invention, when to be used at high temperature of 1 00°C or 
higher, is preferably heated at temperature exceeding service temperature. It may be heated directly during the third 
step which is effected at 1 00 to 300'»C. Or else, the third step Is effected at 5 to 40°C for 2 hours or more for curing 
the membrane by the sol-gel process, and then followed by a step effected at 100 to SOO^'C. The third step Is more 
preferably effected at 5 to 40'C for 2 hours or more to realize the phase-separated structure, and then followed by the 
aging step effected at 1 00 to 300'Cforthe proton-conducting membrane of thepresent invention, forwhich it is essential 
to realize the structure in which the carbon-containing compound (B) and inorganic acid (C) phases are separated from 
each other. 

[0158] The membrane undergoing the first to third steps may be washed with water, as required, which Is preferably 
free of metallic ion, e.g., distilled or ion-exchanged water. 

[0159] The membrane thus prepared may be further irradiated with ultraviolet ray orelectron beams, to further deepen 
extent of crosslinking. 

[01 60] The membrane undergoing the first to third steps may be further coated, once or more, with a compound (F) 
having a hydrolysable silyl group, which Is then subjected to hydrolysis/condensation. 

[0161] The crosslinkable compound, spread over the membrane once prepared and crosslinked, partly penetrates 
into the membrane to reinforced the portion not crosslinked and, at the same time, form the thin, crosslinkable film 
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over the membrane surface. This film controls fluctuations of moisture content in the membrane, thereby allowing the 
membrane to stably exhibit proton conduction even at high temperature. 

[01 621 The compound (F) having a hydrolysable silyl group is not limited, so long as It has two or more hydrolysable 
silyl groups, or may be the same as the carbon-containing compound (D) having one or more hydrolysable silyl groups. 
{Moreover, it may be a tetraalkoxysllane, e.g., tetraethyxysllane or tetramethyxysilane. which may be substituted. An 
acid is not the essential component for the composition to be spread over the membrane, i.e., it may contain or not 
contain an acid. Moreover, it may be adjusted at an adequate concentration with a solvent. 

[01 63] The membrane may be coated with the compound (F) having a hydrolysable silyl group by a known method, 
e.g., dipping, coating or casting, and the compound may be adjusted at an adequate concentration with a solvent or 

the like. 

[01 64] The coating step may be repeated, but preferably limited to 3 times, to simpllty the process. 
[0165] The proton-conducting membrane thus produced is an innovative organic/inorganic composite membrane 
having unprecedentedly high heat resistance and durability, and high proton conductivity even at elevated temperature 
and can be suitably used as the membrane for fuel cells. When the proton-conductive membrane of the present in- 
vention IS used for fuel cells, the so-called membrane/electrode assembly with the membrane joined to the catalyst- 
carrying electrode is formed. 

[01 66] The method for producing the membrane/electrode assembly is not limited: it may be produced by an adequate 
method, e.g., hot pressing or coating the membrane or electrode with a proton-conductive composition. 
[0167] The protonK:onducting membrane of the present invention is applicable not only to an electrolyte membrane 
of PEFCs but also to, e.g., electrolyte of capacitors, chemical sensors and ion-exchanging membranes. 

PREFERRED EMBODIMENTS 



[0168] The present invention is described more concretely by EXAMPLES, which by no means limit the present 
invention. All of the compounds, solvents and the like used in EXAMPLES and COMPARATIVE EXAMPLES were 
commercial ones. They were used directly, i.e., not treated for these examples. Properties of the proton-conducting 
membrane prepared were evaluated by the analytical methods described below. 



Analytfeal methods 

(1) Evaluation of membrane properties 



[0169] The proton-conducting membrane was subjected to the bending functional test, and its properties were rated 
according to the following standards: 

O : the membrane can be bent 

X : The membrane cannot be bent, easily broken, or decomposed or molten, when bent 

(2) Evaluation of proton conductivity at low temperature 

[01 70] The proton-conducting membrane of the present invention was coated with carbon paste (Conducting Graph- 
ite Paint: LADO RESEARCH INDUSTRIES. INC) on both sides, to whteh a platinum plate was fast adhered. It was 
analyzed for Its Impedance an electrochemical Impedance meter (Solartron, model 1260) in a frequency range from 
0.1 Hz to 100 kHz, to determine its proton conductivity. 

[0171] In the above analysis, the sample was supported in an electrically insulated closed container, and measured 
for its proton conductivity at varying temperature in a water vapor atmosphere (95 to 1 00%RH). where cell temperature 
was increased from room temperature to 1 60°C by a temperature controller. The value measured at eo^'C Is reported 
in this specification as the representative one. Moreover, the results obtained at 140<»C are also reported for represent- 
ative EXAMPLES. For the measurement at 140»C. the measurement tank was pressurized to 5 atms. 

(3) Evaluation of heat resistance 



[0172] The proton-conducting membrane was heated at 1 40°C for 5 hours in an oven in a saturated steam atmos- 
phere. The treated membrane was evaluated for its heat resistance by the visual and bending functional tests, and its 
heat resistance was rated according to the following standards: 

O : the membrane can be bent 

X : The membrane cannot be bent, easily broken, or decomposed or molten, when bent 
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EXAMPLE 1 

[01 73] A solution of 0.8g of 1 ,8-bis(triethoxysilyl)octane (Gelest Inc.) dissolved in 1 .5g of isopropyl alcohol was pre- 
pared. Another solution of 0.7g of tungstophosphoric acid of n-th hydrate (Waico Pure Chemical Industries) dissolved 
5 in 1 .5g of isopropyl alcohol was separately prepared. These solutions were mixed with each other, stirred for several 
minutes, and poured into a Petri dish of polystyrene (Yamamoto Seisakusho, Inner diameter: 8,4cm), where the mixture 
was left at room temperature (20°C) for 15 hours and heated at 60'»C for 10 hours in a saturated steam atmosphere, 
to prepare the transparent membrane. It was washed In a flow of water at 60*C. before It was analyzed. The evaluation 
results are given in Table 1 . 

10 [01 74] The membrane thus prepared was analyzed by a field emission type electron microscope (e.g., JOEUs JEM- 
201 OF) to produce the Z-contrast microgram, which is given in Figure 3. 

[0175] In Figure 3. the white portion represents the portion derived from tungsten or the like having a high atomic 
weight, i.e., the phase mainly comprising tungstophophoric acid used as the inorganic acid. The daric portion, on the 
other hand, corresponds to the carbon-containing phase of relatively low molecular weight, derived from bls(triethox- 
15 ysilyl)octane. 

[0176] In the membrane prepared in EXAMPLE 1 . where the skeleton section of the carison-containing material is 
the saturated hydrocarbon having (5p2 + 5h2)i/2 of almost OCMPa)""^, It is apparent that the phase-separated structure 
with the inorganic acid forming the continuous phase is realized. There is a clear contrast between the phase containing 
the carbon-containing compound and that containing the inorganic acid, clearly Indicating that they are separated 
20 essentially without being mixed with each other. 

[01 77] Moreover, there Is a clear contrast between the sea portion and island portion in the microgram of the mem- 
brane prepared in EXAMPLE 1 , indicating that the sea-island structure with the Inorganic acid phase as the continuous 
phase is formed. 

25 COMPAFiATIVE EXAMPLE 1 

(Synthesis of polytetramethylene oxide with triethoxysilyl group at the tenninals) 

[0178] 75.0 g (115.4 mmols) of polytetrametyhylene glycol #650 (Wako Pure Chemical Industries, weight-average 
30 molecular weight: 650) was put In a dried glass container, to which 57.1 g (230.8 mmols) of 3-triethoxysilylpropyl 
isocyanate (Shin-Etsu Silicone, KBE-90d7) was added, and the mixture was slowly stirred at eO'^C for 120 hours in a 
nitrogen atmosphere, for the following reaction: 



HO(CH2CH2CH2CH20)„H + 20CNCH2CH2CH2Si(OC2H5)3 -> 
(OC2H5)3SiCH2CH2CH2NHCOO(CH2CH2CH2CH20)„CONHCH2CH2CH2SI(OC2H5)3 

[0179] The viscous liquid obtained was tested by H^-NMR (BRUKER Japan, DRX-300), and the spectral pattern, 
reasonably considered to be relevant to a polytetramethylene oxide with triethoxysilyl groups at the tenninals, was 
observed. The product was considered to be almost pure, as no impurity signal was observed within the detectable 
sensitivity of NMR. The compound thus produced had the silicon atoms derived from the hydrolyzable silyl group 
(triethoxysilyl group) at 4.9 wt. %, based on the total composition. 

(Preparation of mixed solution and film-making) 

[0180] The membrane was prepared in the same manner as in EXAMPLE 1, except that O.Bg of polytetramethylene 
oxide with triethoxysilyl atthetemiinal and 0.8g of tungstophosphoric acid (Wako Pure Chemical Industries) were used. 
The mixed solution was stirred for several minutes, and poured into a Petri dish of polystyrene (Yamamoto Seisakusho, 
inner diameter: 8.4cm), where the mixture was left at room temperature (20''C) for 15 hours and heated at 60*'C for 
1 0 hours in a saturated steam atmosphere, to prepare the transparent membrane. The evaluation results are given In 
Table 1. 

[0181] The resultant membrane was analyzed by a field emission type electron microscope in the same manner as 
in EXAMPLE 1 . The microgram is given in Figure 5. 

[0182] Also in Figure 5, the white portion represents tungstophosphoric acid used as the agent for Imparting proton 
conductivity, and the dark portion corresponds to the cari^on-containing phase of relatively low molecular weight, de- 
rived from tetramethylene glycol modified by triethcxy 3\ly\ group ai both tenninals. It is apparent in this case that 
tungstophosphoric acid used as the agent for imparting proton conductivity is dispersed almost unlfonnly in the cariDon- 
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containing phase. The tetramethylene glycol modified by triethoxy sllyl group at both terminals contains the ether or 
urethane bond, and has (5p2 + 6h2)i/z exceeding 7(i^Pa)^'2 |n other words, it is apparent that the structure is not 
phase-separated (e.g., sea-isiand structure) but uniformly dispersed, when (5p2 + 5h2)i'2 exceeds 7{MPa)'^^. 

EXAMPLE 2 

[0183] The membrane was prepared In the same manner as In EXAMPLE 1 , except that 1 ,8-bls(triethoxysllyl)octane 
was replaced by 0.8g of 1 ,6-bis(trimethoxysllyl)hexane (Gelest Inc.) and O.Bg of tungstophosphoric acid was used. 
The evaluation results are given in Table 1 . 

EXAMPLE 3 

(Synthesis of (1,14-bis(triethoxysilyl)tetradecane) 

[0184] This compound was synthesized In accordance with the method described in detail by, e.g., W. Oviatt et. al. 
(Chem. Mater., 1993, 5, 943). 

[0185] A mixture of 25g of 1 ,13-tetradecadiene (Aldrich), 44.4g of triethoxysilane (Shin-Etsu Silicone) and 0.1 mL of 
3% xylene solution of a platinum complex of bis((vinyl dimethyl)disiloxane) was stirred at room temperature In a nitrogen 
atmosphere for 3 days. The resultant reaction mixture was purified by distillation, to obtain 1 ,14-bis(triethoxysllyl)tet- 
radecane. Its structure was confirmed by NMR. 

(Formation of membrane) 

[01 86] The membrane was prepared in the same manner as in EXAM PLE 1 , except that 1 ,8-bls(triethoxysilyl)octane 
was replaced by 0.9g of 1 ,14-bis(triethoxysilyl)tetradecane and 0.6g of tungstophosphoric acid was used. The evalu- 
ation results are given In Table 1 . 

EXAMPLE 4 

[01 87] The membrane was prepared In the same manner as in EXAMPLE 1 , except that 1 ,8^is(trlethoxyslIyOoGtane 
was replaced by 0,8g of 1 ,4-bis(trinnethoxysilyIethyr)benzene and 0.7g of tungstophosphoric acid was used. The eval- 
uation results are given in Table 1 . 

EXAMPLE 5 

(Synthesis of bls(trlethoxysilylethyl)biphenyl) 

[0188] DIvinyl biphenyl (Nippon Steel Chemical) was hydros I lylated in the same manner as In EXAMPLE 3, to syn- 
thesize bls(triethoxysiiylethyl)biphenyi. its structure was confinned by NMR. 

(Formation of membrane) 

[0189] The membrane was prepared in the same manner as in EXAMPLE 1 , except that 1 ,8-bls(triethoxysilyl)octane 
was replaced by 1 .Og of bis(triethoxysilyiethyi)biphenyl and 0.5g of tungstophosphoric acid was used. The evaluation 
results are given In Table 1 . 

EXAMPLES 

[0190] The membrane was prepared in the same manner as in EXAMPLE 1 , except that 1 ,8-bls(triethoxyslIyl)octane 
was replaced by 1 .Og of the compound with 1 0 dimethyl slloxane chains connected in series and trimethoxy silyl groups 
at both tenninals (Shin-Etsu Silicone, X-40-2091), and 0.4g of tungstophosphoric acid and further 0.2g of phosphoric 
acid (Wako Pure Chemical Industries) as the curing catalyst were used. The evaluation results are given in Table 1 . 

EXAMPLE 7 

[0191] The membrane was prepared in the same manner as In EXAMPLE 1 , except that tungstophosphoric acid 
was replaced by molybdophosphoric acid. The evaluation results are given in Table 1 . 
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EXAMPLE 8 

[0192] The membrane was prepared In the same manner as in EXAMPLE 1, except that tungstophosphoric acid 
was replaced by tungstosllicic acid. The evaluation results are given in Table 1 . 

5 

EXAMPLE 9 

[0193] The membrane was prepared In the same manner as in EXAMPLE 1 , exceptthat 0.1 g of n-octyltrlethoxysilane 
(Gelest Inc.) was further Incorporated. The resultant membrane was still softer than the one prepared in EXAMPLE 1 . 
10 The evaluation results are given In Table 1 . 

EXAMPLE 10 

[0194] The membrane was prepared in the same manner as in EXAMPLE 1 , except that 0.1 g of tetraethoxysilane 
15 (Wako Pure Chemical Industries) was further incorporated. The evaluation results are given in Table 1 . 

EXAMPLE 11 

[0195] The membrane was prepared in the same manner as In EXAMPLE 1 , except that O.lg of pure water (Wako 
20 Pure Chemical Industries) was further incorporated. The evaluation results are given in Table 1 . 

EXAMPLE 12 

[0196] The membrane was prepared In the same manner as in EXAMPLE 1 , except that the resultant membrane 
25 was further aging-treated at 1 60®C for 8 hours in a saturated steam atmosphere In a pressure vessel. The evaluation 
results are given In Table 1 . 

COMPARATIVE EXAM PLE 2 

30 [0197] An attempt was made to prepare the membrane in the same manner as in EXAMPLE 1 , except that 1 .8-bis 
(tnethdxysllyl)octane was replaced by tetraethoxysilane. This attempt, however, failed to prepare the self-sustaining 
membrane which could be measure for its properties, only giving fine fragments. Therefore, the analysis of the mem- 
brane for various properties was Impossible. The evaluation results are given In Table 1 . 

35 COMPARATIVE EXAM PLE 3 

[0198] The membrane was prepared In the same manner as in EXAMPLE 1 , except that tungstophosphoric acid 
was replaced by 0.5g of IN hydrochloric acid. The resultant membrane was very fragile, and slightly turbid whitely 

40 COMPARATIVE EXAM PLE 4 

[0199] The membrane was prepared In the same manner as in EXAMPLE 1 , except that 1 ,8-bis(tnethoxysllyl)octane 
was replaced by octyltriethoxysilane. The resultant membrane was very soft. The evaluation results are given in Table 1 . 

45 COMPARATIVE EXAMPLE 5 

[0200] Commercial Nafioni 1 7 as the electrolyte membrane for PEFCs was directly used. The evaluation results are 
given in Table 1 . 

50 EXAMPLE 13 

[0201] The membrane was prepared In the same manner as In EXAMPLE 1 , except that the resultant membrane 
was cured at 40°C on a hot plate instead of at room temperature (20°C). The evaluation results are given in Table 1 . 
[0202] The resultant membrane was analyzed by a field emission type electron microscope also in the same manner 
55 as in EXAMPLE 1 . The microgram is given In Figure 4. 

[0203] Also in Figure 4, the white portion represents the phase mainly comprising tungstophophoric acid used as 
the inorganic acid, and the dark portion corresponds Lo the carbon-containing phase derived from bis(triethoxysilyl) 
octane. Figure 4 clearly indicates, as Figure 3 for EXAMPLE 1 . that the phase-separated structure in which the Inorganic 
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acid forms the continuous phase is realized. In the structure prepared in EXAIVIPLE 13, both Inorganic and organic 
phases are continuous. 

EXAMPLE 14 

[0204] The membrane was prepared in the same manner as in EXAMPLE 1 , except that the as-received tungsto- 
phosphoric acid was replaced by the one dissolved beforehand in a ImL of 3.5% ethanol solution of colloidal silica 
having a particle size of 40 to 50nm (CHEMAT TECHNOLOGY, INC., RS450) and stirred at room temperature for 12 
hours. The resultant membrane was slightly turbid whiteiy. 

EXAMPLE 15 

[0205] The membrane was prepared in the same manner as in EXAMPLE 1 , except that the resultant membrane 
was immersed in the starting solution for the membrane, similar to that for EXAMPLE 1 , for 1 hour, and cured under 
heating in the same manner as in EXAMPLE 1, after it was lightly wiped by paper. The resultant membrane was 
transparent, and tougher than that prepared in EXAMPLE 1 . • 
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[0206] It rs apparent from the results shown In Table 1 that almost all of the membranes prepared In EXAMPLES 1 
to 12 had a conductivity of 10-25/cm or more, SxlO-^S/cm at the lowest, and exhibited good characteristics at high 
temperature by selecting a combination of the specific carbon-containing compound (B), three-dimensionally 
crossllnked silicon-oxygen stmcture (A) bound thereto, and Inorganic acid (C) as the essential components for the 
proton-conducting membrane. 

[0207] Such a high conductivity, despite use of a material which inherently shows no contribution to ion conduction 
(e.g., hydrocarbon or alkyi siloxane), results from the phase-separated stmcture with the inorganic acid (C) forming 
the continuous phase (as shown in Figures 3 and 4 which present the micrograms), through which the proton Is effi- 
ciently conducted, . 

[0208] This phase-separated structure Is realized when the SP values related to hydrogen bond and polarity of the 
3-component SP value of the carbon-containing compound (B) are sufficiently low to limit solubility of the compound 
(8) In the inorganic acid (C). The specific effective siceleton structures of the compound (B) include the hydrocarbons 
described in EXAMPLES 1 to 5 and the alkyi siloxane described in EXAMPLE 13. When the carbon-containing com- 
pound (B) is well soluble in the inorganic acid (C), or vice versa (e.g., the case of COMPARATIVE EXAMPLE 1), the 
membrane can have a high conductivity to some extent, which, however, is around 1/10 to 1/100 of the conductivity 
attained when the phase-separated structure is realized, as In EXAMPLES 1 to 13. 

[0209] A heteropoly acid, e.g., tungstophosphoric or molybdophosphoric acid, works an effective agent for proton 
conduction to realize such a phase-separated structure, and hydrochloric acid (used In COMPARATIVE EXAMPLE 3) 
cannot secure a sufficiently high conductivity. 

[021 0] The membrane Is hard and fragile when It has no cariaon-containing compound (B), and the three-dimension- 
ally crosslinked silicon-oxygen structure (A) alone can not give a serviceable membrane (COMPARATIVE EXAMPLE 2). 
[0211] Moreover, the membrane should be crosslinked to an adequate extent. For example, a carbon-containing 
compound with a crosslinkable group only at one temnlnal cannot give a stable phase-separated structure, and the 
membrane shows a greatly decreased conductivity (COMPARATIVE EXAMPLE 4). 

[0212] The fluorine-based membrane which has been used as the representative electrolyte membrane, used in 
COMPARATIVE EXAMPLE 5, is deteriorated at high temperature, believed to result from desulfonation mainly caused 
by breakage of the ether bond. It Is apparent that such a membrane cannot be used for PEFCs of the next generation 
serviceable even at high temperature. 

[021 3] By contrast, the proton-conducting membrane of the present invention thennally treated at 1 60°C, prepared 
In EXAMPLE 1 2, shows aconductivlty stable from low to high temperature, although losing conductivity to some extent, 
and is confinned to be effective as the membrane serviceable at high temperature. 

[0214] As described above, the self-sustaining membrane which shows a conductivity stable from low to high tem- 
perature and can be bent Is obtained by selecting a combination of the specific cariDon-containing compound (B), three- 
dimensionally crosslinked silicon-oxygen structure (A) bound thereto, and inorganic acid (C) as the essential compo- 
nents for the proton-conducting membrane. 

INDUSTRIAL APPLICABILITY 

[0215] The present Invention provides a proton-conducting membrane showing good characteristics even at high 
temperature by selecting a combination of the specific carbon -containing compound (B), three-dimensionally 
crosslinked silicon-oxygen structure (A) bound thereto, and inorganic acid (C) as the essential components to realize 
sufficient resistance to heat, and also by incorporating an agent for Imparting proton conduction and water In the mem- 
brane. 

[0216] Therefore, the proton-conducting membrane can increase operating temperature of PEFCs, which have been 
attracting attention recently, to 100°C or higher, and hence can improve power generation efficiency and achieve re- 
duction of catalyst poisoning by CO, At the same time, Increased operating temperature allows the PEFCs to go into 
cogeneration by utilizing heat, leading to drastically improved energy efficiency. 



Claims 

1 . A proton-conducting membrane, comprising a cariD on-containing compound and inorganic acid, characterized by 

a phase-separated structure containing a carbon-containing phase containing at least 80% by volume of the 
carbon-containing compound and inorganic phase containing at least 80% by volume of the inorganic acid, the 
Inorganic phase forming the continuous ion-conducting paths. 

2. The proton-conducting membrane according to Claim 1 , wherein said phase-separated structure is a sea-island 
structure with the cariDon-containIng phase as the Island and Inorganic phase as the sea. 
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3. The proton-conducting membrane according to Claim 1 . wherein said phase-sepatated structure is composed of 
a carbon-containing phase and inorganic acid phase both in the form of continuous structure. 

4. Tiie proton-conducting membrane according to one of Claims 1 to 3, comprising a three-dimensionallycrosslinked 
silicon-oxygen stmcture (A), carbon-containing compound (B) bound to (A) via a covalent bond, and Inorganic acid 

5. The proton-conducting membrane according to Claim 4. wherein said carbon-containing compound (B) is char- 
acterized by the skeleton section substituted with hydrogen at the joint with the three-dimensionally crosslinked 
silicon-oxygen structure (A), satisfying the following relationship: 

(Sp'^ + 5hV'^S7(MPa)^'= 

wherein. 8p and 5h are the polarity and hydrogen bond components of the three-component solubility parameter. 

6. The proton-conducting membrane according to Claim 5. wherein said carbon-containing compound (B) is bound 
to the three-dimensionaliy crosslinked silicon-oxygen structure (A) via 2 or more bonds. 

7. The proton-conducting membrane according to Claim 6, wherein the skeleton section of said cafbon-containinq 
compound (8) Is a hydrocarbon consisting of carbon and hydrogen. 

8. The proton-conducting membrane according to Claim 7. wherein the skeleton section of said carbon-contalninq 
compound (B) has the structure represented by the following fomiula (1 ): 



(1) 



Wherein, "n" is an integer of 2 to 20. 



9. The proton-conducting membrane according to Claim 7. wherein the skeleton section of said carbon -containing 
compound (B) has the structure represented by the foliowing formula (2): 

— CHjCHrf C^H.-lirGHjCHr • • • (2) 

wherein, "n" is a natural number of 4 or less. 

10. The proton-conducting membrane according to Claim 6. wherein the siceleton section of said carbon-containinq 
compound (B) has the structure represented by the following formula (3): 
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• • • (3) 



Wherein, Ri and R2 are each a group selected from the group consisting of CH3, C2H5 and CgHg; and "I" is an 
integer of 2 to 20. 

11. The proton-conducting membrane according to Claim 4, wherein said inorganic add (C) is a heteropoly acid. 

1 2. The proton-conducting membrane according to Claim 11 , wherein said heteropoly acid is used in the fonn of being 
supported beforehand by fine particles of a metallic oxide. 

13. The proton-conducting membrane according to Claim 11 or 12, wherein said heteropoly acid is a compound se- 
lected from the group consisting of tungstophosphoric, molybdophosphoric and tungstosillcic acid. 

1 4. The proton-conducting membrane of according to Claim 4, which contains 1 0 to 300 parts by weight of the inorganic 
acid (C) per 100 parts by weight of the three-dimensionally crosslinked silicon-oxygen structure (A) and carbon- 
containing compound (B) totaled. 

15. A method for producing the proton-conducting membrane of one of Claims 1 to 1 4, comprising steps of preparing 
a mixture of a carbon-containing compound (D) having one or more hydrolyzable silyl groups and said inorganic 
acid (C), forming the above mixture into a film, and hydrolyzlng/condensing the hydrolyzable silyl group^contained 
in the mixture formed into the film, to form said three-dimensionally crosslinked silicon-oxygen structure (A). 

16. The method according to Claim 15 for producing the proton-conducting membrane, wherein the skeleton section 
of said carbon-containing compound having one or more hydrolyzable silyl groups (D) whose hydrolyzable silyl 
group(s) are substituted by hydrogen satisfies the following relationship: 

{5p^ + 6h^)^^ < 7(MPa)^^ 

wherein. 5p and 5h are the polarity and hydrogen bond components of the three-component solubility parameter. 

17. Themethodaccordingto Claim ISforproducingtheproton-conducting membrane, wherein said carbon-contalning 
compound (D) having one or more hydrolyzable silyl groups has 2 hydrolyzable groups. 

1 8. The method according to Claim 1 7 for producing the proton -conducting membrane, wherein said carbon -containing 
compound (D) having one or more hydrolyzable silyl groups is represented by the following formula (4): 



(R'la^Vi— R^— SiX,(R%^ ...(4) 



Wherein, R3 Is a group selected from the group consisting of CH3, C2H5 and CqH^; is a hydrocarbon compound 
consisting of carbon and hydrogen; X is a group selected from the group consisting of CI, OCH3, OCgHg and 
OCgHg; and "m" Is a natural number of 3 or less. 



I 

fsio} 

R=^ 
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19. The method according to Claim 1 8 for producing the proton -con ducting membrane, wherein said carbon -containing 
compound (D) having one or more hydrolyzabie silyi groups is represented by the foiiowing fomnula (5): 



{R')3^VHcH^SiX„(R%.„ ...(5) 



Wherein, R3 is a group selected from the group consisting of CH3, CgHg and CgHg; X is a group selected from the 
group consisting of CI, OCH3. OCgHg and OCgHs; "m" is a natural number of 3 or less; and "n" is an integer of 2 to 20. 

20. The method according to Claim 18 for producing the proton-conducting membrane, wherein said carbon-containing 
compound (D) having one or more hydrolyzabie sllyl groups is represented by the following fomiula (6): 



(r'L Vi-CH,CHj^C,Hij^CH,CHrSiX„ (r')^ ... (6) 



Wherein, R3 Is a group selected from the group consisting of CH3, C2H5 and C^H^; X Is a group selected from the 
group consisting of CI, OCH3, OCgHg and OCgHs; "m" is a natural number of 3 or less; and "n" Is a natural number 
of 4 or less. 

21 . The method according to Claim 1 7 for producing the proton-conducting membrane, wherein said carbon -containing 
compound (D) having one or more hydrolyzabie silyl groups Is represented by the following fomiuia (7): 



( )a-. x.si -o-(sio}rsix, (r%.„ • • • (7) 

wherein, R1, R2 and R3 are each a group selected from the group consisting of CH3, CgHg and CqH^; X is a group 
selected from the group consisting of CI, OCH3, OC2H5 and OCgHg; "m" Is a natural number of 3 or less; and "1" 
is an integer of 2 to 20. 

22. The method according to Claim 15 for producing the proton-conducting membrane, wherein said step of hydro- 
lyzing^condensing the hydrolyzabie silyl group to form said three-dimensionally crosslinked silicon -oxygen struc- 
ture (A) uses water (E) to be contained in said mixture. 

23. The method according to Claim 15 for producing the proton-conducting membrane, wherein said step of hydro- 
lyzing/condenslng the hydrolyzabie silyl group to form said three-dimensionally crosslinked silicon-oxygen struc- 
ture (A) Is effected at 5 to 40** C for 2 hours or more. 

24. The method according to Claim 15 for producing the proton-conducting membrane, wherein said step of hydro- 
lyzing/condensing the hydrolyzabie silyl group to form said three-dimensionally crosslinked silicon-oxygen struc- 
ture (A) is followed by an aging step effected at 1 00 to 300**C. 

25. The method according to Claim 15 for producing the proton-conducting membrane, wherein said step of hydro- 
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SSfe foT/vS h"! 3ro^P t° said three-dimensionally crosslinked silicon-oxygen stmc- 

io:dSs:r^::ti?a?,s 

26. A fuel cell which incorporates the proton-conducting membrane according to one of Claims 1 to 14. 
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Figure 1 
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Figure 3 
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